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Insulator to metal transition in fluid hydrogen

Randolph Q. Hood and Giulia Galli

Lawrence Livermore National Laboratory, Livermore, CA 94550

We have investigated the insulator to metal transition (ITM) in fluid hydrogen using first principles
simulations. Both density functional and quantum Monte Carlo calculations show that the electronic
energy gap of the liquid vanishes at about 9 fold compression and 3000 K. At these conditions the
computed conductivity values are characteristic of a poor metal. These findings are consistent with
those of recent shock wave experiments but the computed conductivity is larger than the measured
value. From our ab-initio results we conclude that the ITM is driven by molecular dissociation rather
than disorder and that both temperature and pressure play a key role in determining structural

changes in the fluid.

The search for metallic hydrogen has been the subject
of investigation for almost a century([1, 2]. Solid hydrogen
has been shown[3] to become opaque at 320 GPa but its
metallization has not been observed experimentally and
it is predicted at ~ 450 GPa. Liquid hydrogen has instead
been found[4] to become a poor metal at the relatively
low pressure of ~ 140 GPa and ~ 3000 K.

Based on empirical free-energy models, it was sug-
gested that in the fluid metallization occurs in a molecu-
lar phase, by a mechanism similar to band gap closing
in a disordered semiconductor[4]. This picture is not
supported by tight-binding (TB)[5] and first principles
molecular dynamics (FPMD) simulations[6] carried out
at pressure (P) and temperature (T) conditions corre-
sponding to the experimental insulator to metal tran-
sition (ITM) region. These calculations found that in
the metallic fluid a significant proportion of molecules
are dissociated, and they pointed at a correlation be-
tween molecular dissociation and finite DC conductiv-
ity. In general first principles calculations of compressed
hydrogen[7, 8] have shown that the fluid is a complex,
condensed state which cannot be simply described as
a mixture of constituents such as atoms, molecules and
ions, as it is assumed in chemical models[4, 9, 10].

However the accuracy and validity of both TB
and FPMD simulations near the ITM have also been
questioned[11] for several reasons. TB simulations rely
on semi-empirical parameters and they have limited pre-
dictive capabilities. FPMD is an ab-intio, predictive
method, which however relies on the local density ap-
proximation (LDA) to density functional theory (DFT).
Although no systematic study is yet available on the ac-
curacy of LDA in describing the electronic properties of
disordered systems, LDA in known to underestimate elec-
tronic gaps of crystalline solids and molecules. This error
affects computed conductivities and might affect as well
predicted metallization densities.

In this paper we present a series of first princi-
ples molecular dynamic simulations and quantum Monte
Carlo calculations (QMC) aimed at determining the com-
pression ratio and pressure at which the I'TM transition
takes place in fluid hydrogen. Determining accurate met-

allization densities is key to the understanding of the hy-
drogen phase diagram, since in shock wave experiments
pressure and conductivities are measured, while densi-
ties and temperature are estimated based on empirical
models[4]. We also present a detailed study of the struc-
tural properties of the fluid and show that the ITM is
driven by molecular dissociation, with temperature as
well as pressure playing a key role in determining struc-
tural changes upon compression. To our knowledge, first
principles theories have never been applied to determine
the metallization density and pressure of fluid hydrogen.
In addition, our QMC results for liquid hydrogen repre-
sent the first calculations of the electronic properties of
the fluid beyond DFT, as well as the first QMC calcula-
tions of the electronic properties of a condensed, disor-
dered system.

In our FPMD simulations[12] we used a generalized
gradient approximation (GGA) to the exchange and cor-
relation energy[13] and FPMD cells containing up to 992
atoms. In particular, we carried out constant volume
simulations with cells containing 124 deuterium atoms
at densities of 0.67, 1.0, 1.5 and 2.35 g/cm? correspond-
ing to 4-, 6-, 9- and 14-fold compression, respectively. At
9-fold compression we repeated our simulations using a
992 atom cell. Electronic gaps at different densities for
a series of FPMD snapshots were computed using fixed-
node diffusion quantum Monte Carlo (DMC).

We first describe the evolution of the atomic struc-
ture as the fluid is brought from 4- to 14-fold compres-
sion; we will then analyze the corresponding changes
of the electronic structure and discuss in detail calcu-
lations of the conductivity in the ITM region. The calcu-
lated deuteron-deuteron (Ds) pair correlation functions
[g(r)] at 4-, 6-, 9-, and 14-fold compression and 3000 K
(not shown) exhibit a first maximum, the intramolecu-
lar peak, moving outward and decreasing in magnitude
with increasing density. Correspondingly, the first min-
imum increases in magnitude, indicating that the liquid
is becoming less molecular upon compression. At 14-
fold compression the g(r) is almost structure-less. In our
simulations at 3000 K and compressions larger than four,
we find that D, pairs are forming and breaking on time



scales (10714 sec.) of the order of the vibrational period
of an isolated D2 molecule. At 9-fold compression intra-
and inter-molecular distances overlap. Therefore if we
use geometrical proximity of two deuterons as a criterion
to define a molecule, the very concept of molecule be-
comes ill defined. In order to understand the bonding
nature of D2 pairs we used maximally localized Wannier
functions (MLWF)[14] to locate centers of charge in the
system and to investigate whether two deuterons which
are geometrically close to one another are also bound.
At 4-fold compression and 3000 K the centroid of each
MLWEF is located near the midpoint of two neighboring
deuterons. As the liquid is compressed, the MLWF cen-

TABLE I: Calculated percent dissociation in liquid deuterium
for simulation cells with 124 atoms at the compression ratio
p/po, temperature T, and pressure P using the geometrical
and Wannier definitions (see text). Statistical errors on P are
less than 5%

% dissociation
p/po T (K) P (GPa) geometrical Wannier

4 3000 12 9 0
4 10000 35 45 35
6 3000 34 22 21
6 10000 79 46 42
9 3000 110 41 38
14 3000 350 50 50

troids move away from the midpoint of the geometrically
defined bond (of length d), indicating the formation of
pairing states rather different from those present at low
pressure. We have used two different definitions of paired
states, or “molecules”. The first is based solely on a ge-
ometrical criterion[6] and involves all Dy pairs that are
separated by less than 7., the value at which g(r) in-
tegrates to one. Of the Dy comprising these pairs, a
deuteron with only one neighbor within r.,; is said to
belong to a “molecule”. The second definition incorpo-
rates the positions of the Wannier centers, and considers
all Dy separated by less than r.,; that in addition have
a Wannier center located within d/2. Table I shows the
percent dissociation using the two definitions at different
p and T. The geometrical definition tends to give larger
dissociation fractions. However, at the conditions where
the experiments observe a poor metal - 9-fold compres-
sion and 3000 K - both definitions give very similar disso-
ciation fractions (41 % and 38 %). These results are con-
sistent with those of previous FPMD simulations[6] that
found a geometrical dissociation fraction of 42 % at these
conditions, but they are very different from predictions
given by simple models[4] of around 5 %. If the liquid
is further compressed from 9- to 14-fold compression on
the 3000 K isotherm, the number of dissociated molecules
slightly increases to about 50 %. With increasing den-
sity and temperature the so-called “molecules” typically
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FIG. 1: The configurational averaged separation of the Wan-
nier center from the midpoint of the two deuterons which
comprise a “molecule” (Wannier definition) versus the com-
pression ratio of the density for simulations with 124 atoms
at 3000 K. The line is a guide to the eye.

become more distorted and the average spread of ML-
WF's increases. Fig. 1 shows how the average position
of a Wannier center deviates from the midpoint of the
two deuterons in each “molecule”. This molecular dis-
tortion is proportional to the magnitude of the electronic
polarization of each “molecule”[15] and its behavior as
a function of pressure indicate a bonding transformation
occurring in the fluid at about 9-fold compression.

We notice that bonding transformations analogous to
those induced by pressure can be driven by temperature.
For example, a dissociation fraction and a molecular dis-
tortion very similar to those found at 9-fold compression
and 3000 K can be achieved at 6-fold compression and
10000 K. In addition, we found that lowering the tem-
perature from 3000 to about 300 K at 9-fold compression
(which we did over a 15 ps long simulation) brings the
fluid back to a fully molecular, quasi-ordered solid with
a large band gap. (The exact transition temperature to
this molecular state has not yet been determined.)

The structural and bonding transformations observed
at 9-fold compression at 3000 K are accompanied by im-
portant changes in the electronic properties of the fluid.
Making use of recent algorithmic advances[16], we have
computed optical gaps in the liquid using DMC, which
in solids[17] and clusters[18, 19] gives optical gaps in ex-
cellent agreement with experiment. In Fig. 2 we show
the electronic optical gaps averaged over several statisti-
cally independent configurations taken from our FPMD
simulations, as computed using GGA and DMC at 4-,
6-, and 9-fold compression, at 3000 K. For each atomic
configuration we have computed many-body wavefunc-
tions and energies for the ground-state and the lowest
excited state using fixed-node DMC[20-22]. Although



GGA and DMC results are in general rather different in
the disordered molecular phase, we find that both DMC
and GGA give a gap very close to zero at about 9-fold
compression, within the statistical and finite-size errors
of our calculations.

Our results pointing at metallization at 9 fold com-
pression are in agreement with experiments finding met-
allization of fluid hydrogen at 9-fold compression, at 3000
K. However the calculated pressure is 110 GPa, slightly
lower than the measured value of 140 GPa. This dis-
crepancy could be due to proton quantum effects, not
included in our simulations and to experimental uncer-
tainties on the compression ratio at the metallization
point. In shock wave experiments pressure is measured
but temperature and density are estimated based on em-
pirical models. We note that using a Wigner-Kirkwood
h expansion, quantum corrections to the free energy are
estimated to be less than 0.5% at the P and T conditions
studied here[24].

We also compared total energy differences between in-
sulating and metallic configurations, as obtained within
GGA and DMC for selected configurations of our FPMD
runs. These differences turned out to be very similar
(~ 0.1 eV/atom), indicating that the GGA description
is qualitatively correct and can capture most of the rele-
vant correlation effects present in the ITM region of the
fluid.

It is interesting to note that there is a clear correla-
tion (see Table I and Fig. 2) between the values of the
electronic gap in the fluid and the fraction of dissociated
molecules: the gap decreases and eventually vanishes as
more molecules are dissociated. The same correlation
was also found at fixed density, e.g. 6-fold compression,
where snapshots with the largest (smallest) gap were
found to have the biggest (smallest) fraction of dissoci-
ated molecules. We also found that as the gap decreases,
MLWEF spread increases. The role of dissociation in driv-
ing gap closure can be further elucidated by simulations
where molecules are artificially constrained not to disso-
ciate. In such simulations a gap opening was observed in
samples which were metallic in the absence of any con-
straint on deuteron pairing[25].

As shown in Fig. 2, there is no systematic trend as a
function of pressure in the difference between optical gaps
computed with DMC and GGA. For example, at six-fold
compression, we averaged over snapshots including both
mostly molecular and largely atomic-like configurations,
with GGA gaps varying from 2 to 0.1 eV; no rigid shift
between DMC and GGA results obtained for the optical
gaps of these configurations was observed. The error of
GGA might be related to the localization of the HOMO-
LUMO states, as noticed in other systems[23].

In order to further compare with experimental data,
we computed the DC conductivity of the fluid at 3000 K.
This was obtained by taking the zero frequency limit of
the frequency dependent conductivity [o(w)] computed
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FIG. 2: Electronic energy gaps of liquid deuterium at 3000 K
at 4-, 6-, and 9-fold compression averaged over 7 uncorrelated
configurations calculated using the GGA within DFT (cir-
cles), and DMC (squares). The lines are a guide to the eye.
The DMC statistical error bars are smaller than the symbols.

as a configurational average using the Kubo-Greenwood
formula[26]. Figure 3 shows our calculated o(w) at 9-fold
compression and 3000 K. Results are shown from simula-
tions using 124 and 992 atoms with a single I" point and
from simulations using 124 atoms with 8 k points cen-
tered on the I point. The results with 992 atoms display
a Drude-like behavior, unlike the results with only 124
atoms, showing that there are large finite-size effects in
the computations of the conductivity. Structural prop-
erties (e.g. ¢g(r)) and thermodynamic properties such as
pressure, on the other hand were found to display much
smaller finite-size effects. Extrapolating our results with
992 atoms to zero frequency, we find a DC conductivity
of 9300 (2 - cm) ! which is larger than the experimental
value of 2000 (€2 - cm) . Previous FPMD simulations[6]
with 96 atoms at 9-fold compression and 3000 K found
13000 (£2-cm)~! for the DC conductivity, computed with
the I" point only. There are several possible sources of the
discrepancy between experiment and simulation, some of
which have been already mentioned, e.g. experimental
uncertainties. In addition we note that use of single par-
ticle eigenstates and eigenvalues in the calculations of
o(w) instead of the many-body wavefunctions and ener-
gies introduces an approximation, which is believed to be
small but has not yet been quantified.

In summary, we have presented an investigation of the
insulator to metal transition in fluid hydrogen based on
ab-initio calculations. Using both density functional the-
ory and quantum Monte Carlo, we have shown that the
liquid becomes metallic at 9-fold compression at 3000 K,
in agreement with shock wave experiments. The insula-
tor to metal transition is dissociation driven and strongly
temperature dependent. When lowering the temperature
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FIG. 3: Frequency dependent electrical conductivity o(w) of
liquid deuterium at nine-fold compression and 3000 K aver-
aged over uncorrelated configurations using 992 atoms (solid
line) and 124 atoms (dashed line) with I' point sampling of
the Brillouin zone; and 124 atoms with 8 k point sampling of
the Brillouin zone (dotted line).

at fixed density from 3000 to about 300K, we found that
molecules readily form, and this gives rise to a quasi-
ordered solid. Although not crystalline and not fully or-
dered, this molecular system is insulating. We therefore
conclude that disorder alone cannot induce a ITM in hy-
drogen at 9-fold compression, as suggested on the basis
of simple models, but that the transition is induced by
complex structural changes, notably molecular dissocia-
tion.
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